US Home Team has investigated the physics and engineering issues for two alternate poloidal field coil configurations for ITER. The first is called the Segmented CS configuration, where all of the solenoid modules are pancakewound. The second option, termed the Hybrid CS configuration, utilizes a layer-wound central module and pancake-wound end modules. Performance comparisons are presented for the baseline design and the two alternate PF configurations, characterizing the 21 MA reference scenario. Alternate operating modes such as reverse-shear operation and a 17 MA driven mode were evaluated, but are not reported here.
I. INTRODUCTION
The baseline configuration of the poloidal field (PF) coils for ITER features a 12 m long monolithic central solenoid, which is layer-wound and consists of three regions of varying superconductor grades. The stray field from the ends of this long coil inhibit plasma shaping flexibility and shape conformity of the plasma over the reference 21 MA ignited scenario. The plasma performance can be improved by vertically segmenting the solenoid. The Segmented CS configuration offers superior plasma performance but suffers from the necessity to invoke high field (-13 T) joints in the superconductor. Development of such high field joints is beyond the scope of the ITER Engineering Design Activity, and therefore this concept was abandoned. The difficulties of the Segmented CS design prompted the US Home Team to develop a Hybrid CS option, where the central portion of the solenoid is of the same design as the baseline d e s i g m n l y shorter. In this configuration, independently controlled end-coils are located beyond the central module (separated by vertical gaps of about 1.5 m) to allow space for the leads of the 9.5 m layer-wound central module. The Hybrid CS design, however, suffers from excessive insulation bond stress and fatigue stress in the TF coil structure will reduce the number of operating cycles. This paper addresses the performance of the baseline design and the two alternate concepts. Plasma control and power supply issues are addressed in [ 11, and the engineering aspects of the Hybrid CS design are presented in [ 2 ] . Details an: available in the report of the US Home Team [3].
PF COIL CONFIGURATIONS
A. Detailed Design Configuration-the Baseline Fig. 1 The Segmented CS design is shown in Fig. 2 and coil parameters in Table 11 . All of the solenoid modules (CS, CS lU&L, CS2U&L) are pancake-wound with Nb,Sn superconductor, each with uniform current density. Coils PF2 and PF7, relieved by the end-coils, demand less current than in the Detailed Design configuration and are therefore designed with NbTi superconductor. The main CS module is about 9.5 m long, and gaps between the CS module and the end-coils are minimal. Leads must exit the solenoid modules radially and joints are located in the bore. 
-

cs
-csu
-
CSM
-2 - Vertically segmenting the ITER central solenoid offers improved plasma shape conformity over the scenario and enables higher upper triangularity, but results in poloidal flux crossing the straight portion of the TF coil inner leg which increases out-of-plane loads in this region. Segmentation also introduces gaps or inhibits radial grading in the CS which reduces poloidal flux consumption. Reducing the vertical extent of the CS coil, however, requires less compensation currents from the PF coils. This enables all of the PF coils to be designed with NbTi superconductor which is a significant cost savings over Nb,Sn conductor.
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IV. REFERENCE SCENARIO PERFORMANCE
C. Hybrid CS Design
The Hybrid CS design features a 9.5 m central solenoid module, but it is layer-wound as in the baseline design and is therefore radially graded. Gaps of about 1.5 m high are provided between the CSM coil and the end-coils for the CSM leads. Although the layer-wound and radially graded coil produces more flux than the CS module of the segmented design, the gaps result in a loss of flux production. The end-coils (CSU and CSL) are pancake-wound.
The assessment of performance aspects were conducted with the Corsica [5] tokamak modeling code, particularly its fi.ee boundary equilibrium solver and coil diagnostics modules.
A. Requirements
The 21 MA ignited mode of operation is the design basis for the ITER PF system. This operating mode is characterized by a set of nominal plasma parameters, and associated ranges of parameters which indirectly determine the cross-sectional sizeof the poloidal field coils. With the coils established for this operating mode, the system is subsequently characterized for other operating modes.
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Requirements on the poloidal field system include shape tolerances which are applicable during the power-producing portion of the scenario, from the start of the current flattop state through the end-of-bum state. These tolerances are: 
1.
2.
maintain the separatrix (and strike-points) in the divertor channels to within *IO0 mm of their reference position, maintain the outer edge of the plasma in the region facing an ion-cyclotron heating (ICH) antenna to within e 0 mm of its nominal position (without exceeding a maximum radius of 10960 m), and maintain a vacuum gap between the first-wall and the plasma scrape-off-layer (SOL) envelope of no less than 100 mm.
3.
The SOL envelope is defined as the flux surface passing through a point 50 mm outboard of the plasma edge. The tolerances listed above are static requirements, excursions beyond these values are allowable during transient control of disturbances.
The PF system is required to produce 1000s burn duration (about 80 Wb of burn flux capability) for the 21 MA reference scenario, within the current and field limits of the CS.
B. Operational Flexibility
The important plasma parameters are beta and internal inductance. The poloidal beta corresponding to 1500 MW plasma power is:
where V i s the plasma volume, p the kinetic pressure, & is the geometric mean radius (major radius), 1, is the toroidal current and po the permeability of free-space. The symbol pair ( ) denote a volume average over the plasma. The normalized internal inductance is defined as:
where B~ is the poloidal magnetic field. Operational flexibility is expressed with ranges in beta and internal inductance:
0.7 5 IJp 5 1.2, and 0.7 5 ti 5 1 . 1 , where the beta range is applicable over the burn phase ( pp = 0.1 at the SOF state).
C. Flux States
Flux states are established either by coil technology limits, e.g., the end-of-burn (EOB) state occurs when the CS reaches a peak field of 12.75 T, or by inductive and resistive flux consumption during the ramp-up, which set the start-of-flattop (SOF) and start-of-burn (SOB) states.
sumption is estimated with Ejima scaling [6]:
Resistive flux con-
with a coefficient of C , = 0.45 which establishes the flux linkage at the start-of-flattop state. Resistive consumption during the heating phase (10 Wb) is based on a loop voltage of 0.2 V over a 50 s heating period.
D. Shape Conformity Results
Fig . 4 shows the plasma boundaries over the full p p -l i range of the 21 MA scenario at the three fiducial flux states.
Shape deviations are summarized in Table IV . Fig. 4 . Plasma boundary overlays at the SOF, SOB and EOB flux-states over the full range of operational space for the 21 MA scenario from the baseline (DDR) and the two alternate coil sets (SCS and HCS). Table IV . Average maximum separatrix deviations (mm) in the inboard divertor channel (#l), outboard divertor channel (#2) and ICH antenna region (#3) over the full range of operational space for the 21 MA scenario from the baseline (DDR) and the two alternate coil sets (SCS and HCS).
E. Plasma Parameters
The bum flux capability: Ayburn, MHD safety factor: 495, upper triangularity: 6"95, and average triangularity: 695, during the current flattop portion of the nominal 21 MA scenario are presented in Table V . Fig. 5 is shows a comparison of the out-of-plane loads on the TF coil winding pack at the start-of-flattop state for the baseline and two alternate coil sets. It is interesting that the peak loading, occurring near the lower divertor coils, is greatest for the Detailed Design configuration, but in the straight-leg re gion the loading is greater for both the Segmented and Hybrid CS options. The out-of-plane loads in the straight section of the TF coil get transmitted to the CS or CSM coils producing a torsional stress in the solenoid winding. Some of this loading is taken up by the insulation bond around the conductors, and in the case of the Hybrid CS in particular, the insulation bond stress exceeds allowable values by almost a factor-oftwo. Furthermore, bending stress in the TF coil casing is also increased reducing the allowable operating cycles (or dedicated R&D to detect smaller flaw sizes). H. 21 MA Scenario Performance Summary Fig. 4 and Table IV clearly show the benefit of a shorter central solenoid. Although all three coil sets satisfy the design requirements, the Segmented and Hybrid CS designs offer significant reduction in shape deviations in the divertor channels and antenna region. The alternate coil sets also improve the MHD safety factor and triangularity (Table V) . There is some loss in poloidal flux production in the alternate designs, but with an estimated loop voltage of 0.07 V or less during the burn phase, all designs will provide more than 1000 s of burn duration.
G. Out-ofplane Loads
V. FINAL DESIGN CONFIGURATION
The high-field joint technology demanded by the Segmented CS design, and the excessive insulation bond stress in the CSM module in the Hybrid CS design resulted in abandonment of these two alternate coil configurations. The configuration chosen for the ITER Final Design [7] is essentially that of the Detailed Design Report, except the primary elongation coils (PF2 and PF7 in Fig. 1 ) have been split into two coils to enable their construction with NbTi superconductor. This offers some cost savings and some improvement in performance over the DDR configuration.
VI. SUMMARY
Both the Hybrid CS and Segmented CS designs offer significant reductions in plasma shape deviations, and both offer some cost savings. The Segmented CS design requires 13 T superconducting joint technology which is beyond the scope of the EDA, but the Hybrid concept may be feasible if insulation and TF case material R&D is successful.
